Objective: Recent studies have demonstrated that right ventricular apical (RVA) pacing has a deleterious impact on left ventricular function, while right ventricular septum (RVS) or His-bundle pacing (HBP) contribute to improvements in cardiac function. A meta-analysis of randomized controlled trials (RCTs) was conducted to compare the mid-and long-term effects of RVS and HB pacing versus RVA pacing on cardiac function. Methods: Eligible RCTs were identified by systematically searching the electronic literature databases PubMed V R , Cochrane Library, Embase V R and Ovid V R . Results: Seventeen articles (n ¼ 1290 patients) were included in this meta-analysis, including 14 studies comparing the effects of RVA and RVS pacing on cardiac function and three studies comparing HBP with pacing at other sites. Compared with RVA pacing, RVS or HBP exhibited a higher left ventricular ejection fraction (LVEF) (weighted mean difference 3.28; 95% confidence interval 1.45, 5.12) at the end of follow-up. Conclusions: RVS pacing exhibited a higher LVEF after long-term follow-up than RVA pacing. RVS pacing could replace the previously used RVA pacing as a better alternative with improved clinical outcomes. However, there remains a need for larger RCTs to compare the safety and efficacy of RVS with RVA pacing.
Introduction
Since the advent of cardiac pacing, the right ventricular apical (RVA) area has been regarded as the major pacing site. 1 Recently, some studies have suggested that RVA pacing can change the ventricular activation sequence. [2] [3] [4] This can limit left ventricular (LV) apical motion, resulting in LV systolic dyssynchrony and electromechanical delay, which are deleterious to cardiac LV construction and function. [2] [3] [4] Chronic RVA pacing may lead to LV systolic and diastolic dysfunction, decreased cardiac output, and consequently can increase the rate of new-onset heart failure and mortality. 4 Therefore, searching for more suitable pacing sites with more synchronous activation patterns remains a challenging and clinically important task. Pacing from the right ventricular septum (RVS) or His-bundle area is considered to provide more physiological LV activation, presumably due to its closer proximity to the specialized conduction system. [5] [6] [7] [8] [9] [10] [11] [12] However, there is currently no consensus regarding the effects of RVA and RVS pacing on cardiac function and long-term survival, largely due to the fact that available studies were insufficiently powered to allow for a generalized conclusion. 3, 5 Recently, some meta-analyses have evaluated the effects of different pacing sites besides RVA. [13] [14] [15] One meta-analysis found that compared with RVA, right ventricular non-apical pacing (including RVS and right ventricular outflow tract [RVOT] ) may be associated with a higher LV ejection fraction (LVEF). 14 However, the heterogeneous results in the articles included in the meta-analysis may be due to various pacing sites (RVS and RVOT) or to the lack of comparison with Hisbundle pacing (HBP), which is considered more physiological than RVA pacing. 14 With the accumulation of data from large randomized controlled trials (RCTs), a systematic review and meta-analysis of RCTs was conducted to compare the mid-and long-term effects of RVA with RVS (including RVOT septal pacing) and HBP on LV function and additional outcomes in patients eligible for permanent pacemakers. for the other three databases was similar to that for the PubMed V R database, in which the MeSH search string "heart ventricles" and "cardiac pacing" was used in the search process. Reviews and reference lists of retrieved articles were hand searched for potentially relevant publications not previously identified in the database search. All retrieved studies were examined to eliminate potential duplicates or overlapping data. When articles provided unclear additional data in their original publications, the first authors were contacted for clarification.
Materials and methods

Search strategy
Trial selection criteria
Articles reporting on RCTs that compared the effects of RVA with RVS or HBP over a mid-or long-term follow-up period with respect to the cardiac function of patients who met the indications for pacing were included in the meta-analysis. The following exclusion criteria were used: (i) the follow-up of the studies was < 6 months; (ii) the outcomes of the studies did not cover cardiac function or LVEF; (iii) the articles compared the RVOT with RVA pacing rather than RVS pacing; and (iv) studies compared the effects of patients who received cardiac resynchronization therapy or implantable cardioverter defibrillator therapy on different pacing sites.
Data extraction
Two review authors (L.Z. and K.C.) independently scrutinized all titles and abstracts, and selected studies based on pre-determined inclusion and exclusion criteria to initially exclude irrelevant articles. Subsequently, the authors reviewed the full texts of the remaining articles. Two authors (L.Z. and K.C.) extracted data from the studies (including the methods, participants, interventions, outcomes and results) independently using a specially-designed data extraction form. The types of treatment and reported treatment quality were rated independently by three authors (L.Z., Y.M. and L.W.). Any disagreements were resolved by discussion, and if necessary, two authors (W.N. and K.C.) were consulted to make the final decision.
Quality assessment
The systematic review and meta-analysis were performed according to the PRISMA statement for reporting systematic reviews and meta-analyses of RCTs. 16 Double-blinding could not be achieved in RCTs involving pacemaker implantation. Therefore, quality was summarized using a modified version of the Jadad scoring system. 17 One point was assigned for an affirmative answer to each of the following five questions: (i) was the study described as randomized?; (ii) was there adequate concealment of allocation?; (iii) were the participant and personnel described as blinded?; (iv) was the outcome assessment described as blinded?; and (v) was there a description of withdrawals/dropouts?
Statistical analyses
The odds ratio (OR) was used to calculate the effect size for dichotomous outcomes and the mean difference between control and intervention groups was calculated for continuous outcomes. Weighted mean difference (WMD) was used if outcomes were measured in the same way across different trials, and on the contrary, standardized mean difference was applied; 95% confidence interval (CI) was presented for all outcomes and comparisons.
For heterogeneous tests, the I 2 (I 2 < 25% indicated without significant heterogeneity between different articles) and Q statistics (P-value < 0.1 represents statistical heterogeneity) were used to measure heterogeneity among the trials in each analysis. Subgroup and sensitivity analyses were used to look for the possible causes when significant heterogeneity existed in the review. The study planned to use a funnel plot to explore the possibility of publication bias and small-study effects; and Egger' test to estimate the degree of publication bias. A lack of publication bias was defined as P > 0.1. 18 All statistical analyses were conducted using STATA V R software version 13 (Stata Corp, College Station, TX, USA). A P < 0.05 was considered as statistically significant unless otherwise indicated.
This meta-analysis was carried out in three parts: the first part referred to pacing safety and validation; the second part compared the different pacing sites on cardiac function (including LVEF, 6-min walking test); and the third part compared the effect of different pacing sites on ventricular remodelling after longterm follow-up. Three subgroup analyses were displayed when the effects of LVEF in RVA versus RVS or HBP were compared. The relationship between length of follow-up ( 12 months and > 12 months) and the effects of His-bundle or para-HBP on LVEF were evaluated.
Results
Literature search
A total of 1795 potentially relevant articles (with duplicates deleted) were identified and screened ( Figure 1 ). First, 1649 articles were Figure 1 . Flow diagram of the study selection process in a meta-analysis undertaken to compare the midand long-term effects of right ventricular septum and His-bundle pacing versus right ventricular apical pacing on cardiac function. excluded based on titles and abstracts, then 146 articles were retrieved for a more detailed evaluation. After cautiously eliminating irrelevant studies, 17 articles were included in this meta-analysis. Fourteen of 17 qualified studies [5] [6] [7] [8] [9] [19] [20] [21] [22] [23] [24] [25] [26] [27] compared the effects of RVA pacing with RVS (including RVOT septal) pacing on cardiac function, and three studies 11, 12, 28 compared HBP with other pacing sites.
Included articles
Seventeen studies were summarized in the analysis, which evaluated the effects of cardiac function after implantation of cardiac pacemakers. [5] [6] [7] [8] [9] 11, 12, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] The main characteristics of the included studies are summarized in Table 1 . All studies were designed as randomized, blind, controlled clinical trials, and there were 14 studies 5-9,19-27 conducted by parallel design and three studies 11,12,28 by cross-over design. The characteristics of the participants were described in each article; patient indications for pacemaker implantation included management of atrioventricular block or sick sinus syndrome, and all of the patients had normal heart function prior to pacemaker implantation. All trials reported a baseline comparability of the characteristics of participants between treatment groups, and most of the characteristics of patients at baseline were similar. This meta-analysis included 1290 participants: 665 received RVA pacing and 712 received RVS or HBP; three studies 11, 12, 28 conducted their trials using a cross-over design so all of the study participants underwent two treatments during the research period.
Eleven studies [5] [6] [7] [8] [19] [20] [21] [22] 24, 26, 27 compared RVA pacing versus RVS pacing with a 12-48 month follow-up period; three studies 9,23,25 compared RVOT septal pacing with RVA pacing; and the remaining three articles described the effects of HBP with other pacing sites. 11, 12, 28 With respect to the latter, Kronborg et al. 12 compared the different effects of HBP with RVS pacing; and Pastore et al. 11 and Zanon et al. 28 compared HBP versus RVA pacing with a 3month follow-up period.
Primary outcomes
Pacing parameters. Five studies 7, 8, 19, 22, 24 compared pacing capture threshold while pacing with RVA or RVS. These studies included 201 treated and 185 control participants and resulted in a significant WMD of 0.386 (95% CI 0.246, 0.525), with substantial heterogeneity (I 2 ¼ 83%). Another meta-analysis of 234 treatments resulted in a non-significant WMD of 0.07 (95% CI 0.00, 0.15), which failed to describe the effectiveness. 14 Pacing QRS duration was assessed in six studies, 8, 9, 20, 22, 24, 26 including 228 treated and 192 control participants. QRS duration in RVS pacing was shorter than RVA pacing (WMD -24.115; 95% CI -34.422, -13.808) with substantial heterogeneity (I 2 ¼ 86.6%).
All included studies evaluated the discrepancy of cardiac function after pacemaker implantation on account of the fact that RVA pacing changes the ventricular activation sequence, which may show deleterious effects on cardiac LV construction over long-term follow-up. Of these, 16 studies measured LVEF to assess cardiac function. [5] [6] [7] 9, 11, 12, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] This meta-analysis subsequently pooled 16 trials that showed RVS or HBP had a higher LVEF than RVA pacing (WMD 3.28; 95% CI 1.45, 5.12; Figure 2 ) with substantial heterogeneity (I 2 ¼ 66.2%) between trials. To explore the heterogeneity, a subgroup analysis per comparison group was conducted and showed relevant differences per comparison group (RVS or HBP versus RVA pacing).
Subgroup analysis
Length of follow-up. The subgroup analysis investigated the influence of length of follow-up on LVEF after implantation of pacemakers. Five studies had 12-months follow-up. 7, 19, 20, 22, 23 When stratified by length of follow-up, RVS pacing led to a higher LVEF at the end of follow-up than RVA pacing (WMD 5.51; 95% CI 2.29, 8.74; Figure 2 ) with substantial heterogeneity (I 2 ¼ 69.3%) between trials. In another subgroup with > 12-months follow-up, RVS pacing did not reach a statistically significant difference in LVEF compared with RVA pacing (WMD 2.00; 95% CI -0.78, 4.77) with substantial heterogeneity (I 2 ¼ 70.6%). These findings were in contrast to another meta-analysis, which demonstrated that right ventricular nonapical (RVNA) pacing resulted in a significantly higher LVEF than RVA pacing in six RCTs with !12-months follow-up (WMD of LVEF: 7.53%; 95% CI 2.79, 12.27), but there was appreciable evidence of heterogeneity (I 2 ¼ 93.8%). 15 By visual inspection of the Forest plot ( Figure 2 ), there were two RCTs showing extreme effects for RVS or RVA pacing: one RCT demonstrated extremely beneficial effects of RVS compared with RVA, 22 while a second suggested that RVS had more detrimental effects than RVA. 21 However, these two studies were limited by their relatively small sample sizes. 21, 22 Furthermore, these two studies scored relatively low when evaluated by the Jadad scoring system, and therefore these two RCTs were removed to reassess the influence of the length of follow-up on LVEF (Figure 3) . After excluding the two aforementioned RCTs, 21 HBP compared with other pacing sites. Hisbundle pacing is considered more physiological than RVA and RVS pacing. Therefore, the meta-analysis compared LVEF in HBP with other pacing sites. Three RCTs were included: one study compared the different effects of HBP with RVS pacing; 12 while the other two studies compared HBP with RVA pacing. 11, 28 The pooled effect size suggested that HBP had a higher LVEF (WMD 2.71) with low heterogeneity (I 2 ¼ 0.0%), but the results did not reach statistical significance (95% CI À0.23, 5.65).
Publication bias
A funnel plot was drawn ( Figure 4 ) and this showed limited asymmetry for LVEF results (based on 16 RCTs). [5] [6] [7] 9, 11, 12, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Egger's test also indicated that there was no proof of the existence of publication bias.
Sensitivity analysis
As mentioned above, two RCTs with exaggerated effects for RVS or RVA pacing were excluded, resulting in a change in the pooled effect sizes and heterogeneity. The difference in effects may be explained by the following reasons: (i) relatively small sample size of the two RCTs. This was mainly due to a relatively high dropout and mortality rate (as the patient population was elderly and the duration of follow-up was long). One study 22 included 31 participants and the other one 21 included 59 participants; (ii) accurate location of the pacing sites. Most trials compared apical pacing with septal pacing, but anatomical implantation of the leads may not always be accurate, due to various reasons including technical difficulty of the procedure. Some trials reported that systolic function was significantly reduced when the lead was inadvertently placed in an anterior position instead of a mid-septal position. 2, 29 A worse ventricular dyssynchrony and LVEF were reported when the RV lead was placed in an anteroseptal position (confirmed by echocardiography) than at the apex. 29 Thus, the inconsistent results of studies on septal pacing may be due to variable positioning of the RV lead, which was not properly evaluated in most studies. For example, one study reported that septal lead positioning could not be achieved in 5/31 (16%) patients by echographic validation. 21 
Secondary outcomes
Comparison of the effect of cardiac ventricular remodelling after long-term follow-up. Left ventricular end-systolic volume (LVESV) and left ventricular end-diastolic volume (LVEDV) reflect cardiac ventricular remodelling with long-term cardiac decompensation. This meta-analysis calculated the effect sizes of LVESV and LVEDV to evaluate the effects of different pacing sites on ventricular remodelling. The analysis found that compared with RVA pacing, RVS pacing neither improved LVESV nor LVEDV after implanted pacemaker during long-term follow-up (WMD -9.268; 95% CI -22.088, 3.553; WMD -7.361; 95% CI -16.246, 1.524; respectively) with substantial heterogeneity (I 2 ¼ 97.8% and I 2 ¼ 75.7%, respectively). These results are inconsistent with those of other meta-analyses. 14, 15 For example, one meta-analysis reported that RVA pacing was associated with higher LVESV than RVNA pacing (WMD -5.05, 95% CI -9.26, -0.84). 14 However, there was no distinct inconsistency in LVEDV at the end of follow-up (WMD -3.72, 95% CI -8.82, -1.38). 14 
Discussion
This current meta-analysis compared the mid-and long-term effects of RVS or HBP with RVA pacing in patients suitable for pacemaker implantation. Compared with RVA pacing, RVS pacing was associated with a higher LVEF after long-term follow-up. HBP did not show a significant difference in LVEF compared with other pacing sites. The QRS duration was shorter in RVS or HBP after long-term follow-up. In contrast, the pacing capture threshold was higher compared with RVA pacing. LVESV and LVEDV did not show significant differences among the different pacing sites with substantial heterogeneity between trials.
The right ventricular apex has been used as the major pacing site for patients with sick sinus syndrome and atrioventricular block. However, recently, evidence from small experimental and clinical studies has suggested that RV apical pacing deteriorates LV function, for that RVA pacing causes LV mechanical dyssynchrony because of altered ventricular excitation. 8, 20, 26 Some trials have found that RVOT, RVS or Hisbundle might provide a more physiological LV activation sequence presumably due to the closer proximity to the specialized conduction system. 12, 21, 30 However, these trials had inconsistent results likely due to their small sample sizes, differences in techniques used or participant baseline characteristics. 12, 21, 30 Therefore, this current metaanalysis was undertaken to compare the effect of RVS or HBP with RVA pacing on long-term survival.
Compared with RVA pacing, the pacing capture threshold is higher in patients with RVS or HBP. 7, 8, 19, 22, 24 Pacemaker electrodes consist of active fixation leads and passive fixation leads; in general, the passive fixation lead is anchored to the right ventricular apex while the active fixation lead is implanted in the septal or His-bundle area. It is thought that local myocardial oedema, inflammation and fibrosis post-operatively may lead to a higher pacing capture threshold of the active leads, which is then gradually reduced due to the release of steroids surrounding the spiral leads; and a similar threshold level to the passive leads is eventually achieved. 31, 32 The findings of this current meta-analysis suggested a tendency toward a higher pacing capture threshold in RVS pacing with statistical significance.
Most RCTs suggested QRS duration as a parameter of inter-ventricular dyssynchrony, which may be related to the long-term differences in LVEF. 8, 9, 20, 22, 24, 26 In this current meta-analysis, QRS duration was lower in the RVS pacing group than in the RVA pacing group. This finding suggests that RVS or HBP induce more synchronous LV contraction than RVA pacing and result in better electromechanical synchrony than RVA pacing. Nevertheless, QRS duration is not the only variable affecting ventricular synchrony, as it has been previously demonstrated that inter-ventricular dyssynchrony is present even in patients with narrow QRS complexes. 21, 33 In order to further elucidate these inconsistencies, more advanced techniques such as 2D echocardiography, tissue doppler imaging and speckle-tracking imaging should be used to evaluate ventricular synchrony and cardiac function.
Compared with the RVS pacing group, patients in the RVA group tended to have a lower LVEF at mid-and long-term followup. Subgroup analysis also confirmed the beneficial effects of right ventricular nonapical pacing on LVEF. RVS pacing resulted in a higher LVEF with moderate heterogeneity between trials when the length of follow-up was 12 months. However, LVEF declined as the length of follow-up increased. These results were contrary to those of a previous meta-analysis, 14 which found that the benefits of RVNA pacing compared with RVA with respect to improved LVEF began to emerge in the 6-month and 12-month follow-up subgroups; and were increased as the pacing duration increased. These differing results may have been influenced by the age of participants included in the respective studies. Unlike RVS pacing, HBP did not show statistically significant results compared with other pacing sites. This finding may be due to the cross-over design of this meta-analysis, which included three trials examining HBP, and which resulted in a residual effect between groups. The results may also have been influenced by differences in length of follow-up. In two of the trials, 11, 28 the duration of follow-up was limited to 3 months. This time frame may have been insufficient to capture significant effects, as it has been suggested that compared with RVS pacing, HBP improves LVEF after a 24-month follow-up period. 12 Thus, larger RCTs are required to verify the relationship between HBP and other pacing sites.
Right ventricular apical pacing could result in LV systolic dyssynchrony and electromechanical delay, which may be deleterious to cardiac LV construction and function. [2] [3] [4] However, this current meta-analysis found no significant difference in LVESV or LVEDV between RVA and RVS pacing sites at the end of follow-up. A longer follow-up period may help identify any significant differences in LVEDV or LVESV associated with different pacing sites.
This current meta-analysis had several limitations. First, there was substantial heterogeneity at the end of the followup period. This may be attributed to the RCTs' varied populations, different pacing sites, trial design and methodological quality. Three subgroups analyses were conducted to identify the causes of the heterogeneity and two subgroups pooled the effect size with no heterogeneity. Secondly, most of the RCTs only analysed data for patients who completed follow-up. The use of this analytical approach, rather than the use of an intention-to-treat approach, may have resulted in the loss of the benefits of randomization, leading to confounding and allocation bias.
In conclusion, compared with RVA pacing, RVS pacing was associated with a higher LVEF, a shorter QRS duration pacing and higher capture threshold after long-term follow-up. RVS pacing could replace previously used methods of RV apical pacing as a more preferable method for chronic stimulation. In view of the clinical significance of pacing, there is an urgent need for continuing research to facilitate our understanding of the safety and efficacy of new pacing sites.
